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Phosphorylation Regulates the Dynamic Interaction
of RCC1 with Chromosomes during Mitosis
covery of the fluorescence signal in a focused spot that
had been bleached by a laser (fluorescence recovery
after photobleaching, FRAP). By calculating the FRAP
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and Paul R. Clarke1,* half-time (t1/2), we found that GFP-RCC1 was highly mo-
bile during interphase and metaphase (t1/2  2.08 0.511Biomedical Research Centre
Ninewells Hospital and Medical School and 1.81  0.76, respectively) but there was a marked
decrease in the rate of recovery after photobleachingUniversity of Dundee
Dundee, DD1 9SY, Scotland at telophase (t1/2  3.23  0.95) that persisted during
cytokinesis (Figure 1). We examined the timing of thisUnited Kingdom
2 Division of Gene Regulation and Expression effect by observing FRAP repeatedly in the same cell
during progression through mitosis (Figure 2). We foundSchool of Life Sciences
Wellcome Trust Building/Medical Sciences Institute similar results by using U2OS (Figures 1 and 2) and HeLa
cells (data not shown).University of Dundee
Dundee DD1 5EH, Scotland The interaction of RCC1 with chromatin in vitro is
regulated by its interaction with Ran; it is promoted byUnited Kingdom
nucleotide-free or GDP bound Ran and inhibited by Ran-
GTP [6]. Ran also interacts with chromatin indepen-
dently of RCC1 [4, 6, 7]. It has been proposed that theSummary
dynamic interaction of RCC1 with chromatin in cells is
controlled by association with Ran and thereby couplesThe small GTPase Ran has multiple roles during the
localization of RCC1 to generation of Ran-GTP [4], al-cell division cycle, including nuclear transport, mitotic
though other factors may also be involved [5]. In RCC1,spindle assembly, and nuclear envelope formation [1,
mutation of Asp182 to Ala (D182A) disrupts its interac-2]. However, regulation of Ran during cell division is
tion with Ran [8], but GFP-RCC1D182A is still predomi-poorly understood. Ran-GTP is generated by the gua-
nantly localized to chromosomes in mitosis [3]. Wenine nucleotide exchange factor RCC1, the localization
found that the FRAP rate of GFP-RCC1D182A was in-of which to chromosomes is necessary for the fidelity
creased approximately 2-fold in both interphase andof mitosis in human cells [3]. Using photobleaching
metaphase (t1/2  1.07  0.20 s and 0.96  0.09 s,techniques, we show that the chromosomal interac-
respectively). Therefore, the dynamic interaction oftion of human RCC1 fused to green fluorescent protein
RCC1 with chromatin does not require its association(GFP) changes during progression through mitosis by
with Ran or nucleotide-exchange activity toward Ran.being highly dynamic during metaphase and more sta-
Rather, the mobility of RCC1 on chromatin is reducedble toward the end of mitosis. The interaction of RCC1
by interaction with Ran; this is consistent with the stabili-with chromosomes involves the interface of RCC1 with
zation caused by RanT24N, which forms a stable complexRan and requires an N-terminal region containing a
with RCC1 [4, 5]. The relative decrease in FRAP ratenuclear localization signal. We show that this region
of GFP-RCC1 on chromosomes at telophase persistedcontains sites phosphorylated by mitotic protein ki-
with the D182A mutant (t1/2  2.60  0.93 s), indicatingnases. One site, serine 11, is targeted by CDK1/cyclin
that other regulatory mechanisms are involved in thisB and is phosphorylated in mitotic human cells. Phos-
change. In contrast to the D182A mutation, removal ofphorylation of the N-terminal region of RCC1 inhibits
the N-terminal region (NTR) consisting of 27 amino acidsits binding to importin / and maintains the mobility
dramatically disrupts the localization of RCC1 but doesof RCC1 during metaphase. This mechanism may be
not alter its nucleotide exchange activity [3]. The re-important for the localized generation of Ran-GTP on
sulting truncated protein (GFP-27-RCC1) was highlychromatin after nuclear envelope breakdown and may
mobile in both the cytoplasm (t1/2  0.20  0.05 s) andplay a role in the coordination of progression through
the nucleus (t1/2  0.36  0.04 s) of interphase cells.mitosis.
These values are comparable with t1/2  0.20 s for GFP
fused to glutathione S-transferase (GST), which is not
Results and Discussion expected to interact with chromatin. Thus, the NTR is
critical for the dynamic interaction of RCC1 with chroma-
To study the interaction of RCC1 with chromatin in living tin and may play a role in the regulation of this inter-
cells, we expressed the protein as a fusion with green action.
fluorescent protein (GFP). As expected, GFP-RCC1 local- A major mechanism of mitotic regulation is the phos-
ized predominantly to chromosomes throughout mitosis phorylation of key target proteins catalysed by protein
(Figure S1 in the Supplemental Data available with this kinases that are activated during mitosis [9]. We found
article online). We confirmed that the interaction of GFP- that recombinant human RCC1 was strongly phosphory-
RCC1 with chromatin in interphase nuclei and mitotic chro- lated in a mitotic human cell extract (Figure 3A) and in
mosomes was highly dynamic [4, 5] by analyzing the re- eluates of mitotic chromosomes assembled in Xenopus
egg extracts (Figure S2A). Phosphorylation was abol-
ished by removal of the NTR, suggesting that it contained*Correspondence: paul.clarke@cancer.org.uk
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Figure 1. Fluorescence Recovery after Pho-
tobleaching (FRAP)
Examples of representative cells expressing
GFP-RCC1 in interphase, metaphase, and te-
lophase. In each case, cells are shown 2 s
before bleaching at a defined spot on the
chromatin, then at 0.05, 1, and 5 s after
bleaching. The scale bar represents 5 m.
Data collected from these cells are shown on
the right.
all the targeted sites. Examination of the sequence re- interaction between RCC1 and importin  was not due
to Ran-GTP (Figure 3C). The interaction of RCC1 withvealed three potential phosphorylation sites that are con-
served between mammals: serines 11, 20, and 26. An importin  is likely to involve the adaptor importin 3
[10, 11]. Indeed, the NTR-dependent binding of importinadditional serine is present at position 2 in human RCC1
(Figure 3B). Mutation of all four serines to alanines com- 3 to GFP-RCC1 was also inhibited in mitotic cell ex-
tracts. In the NTR, mutation of potential phosphorylationpletely abolished RCC1 phosphorylation, whereas mu-
tation of individual serines indicated that more than one sites to alanines prevented this inhibition, whereas mu-
tation of serines 2 and 11 to glutamates, which maysite was phosphorylated. In particular, mutation of ser-
ine 2 or 11 reduced phosphorylation (Figures S1B and mimic phosphorylated residues, prevented importin 3
binding to RCC1 (Figure 3D). These results suggest thatS1C). The NTR contains a lysine-rich importin binding
motif that functions as a nuclear localization signal [10, phosphorylation of the NTR ejects importin /, thereby
facilitating the interaction of RCC1 with chromosomes11]. We found that the interaction of importin  with
RCC1 was inhibited in mitotic cell extracts. We obtained during mitosis.
We studied in more detail the phosphorylation of thesimilar results using importin 45-876, which lacks the Ran
binding domain, showing that mitotic disruption of the conserved site, serine 11, which may be targeted by
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Figure 2. FRAP Analysis during Progression
from Metaphase
A representative cell from four experiments
is shown. At the times shown (s) after the
initiation of the experiment in metaphase, an
image was captured, then FRAP analysis was
performed. The position of the bleached spot
is indicated at each time, and the fluores-
cence recovery times (t1/2) are shown below.
proline-directed kinases such as cyclin-dependent ki-
nases. Using an antibody that recognized this site only
when phosphorylated (Figure 4A), we found that endog-
enous RCC1 was strongly phosphorylated at serine 11
in mitotic cells but only weakly in asynchronous cells
(Figure 4B). Similarly, recombinant RCC1 was phosphor-
ylated at this site after incubation in extracts of mitotic,
but not asynchronous, cells (Figure 4C). Serine 11 phos-
phorylation was inhibited by staurosporine, which inhib-
its several protein kinases, and was substantially re-
duced by roscovitine, which inhibits cyclin-dependent
kinases [12] (Figure 4D). Serine 11 was phosphorylated
by p13suc1 precipitates, which contain mitotic cyclin-
dependent kinases (Figure 4E), as well as by recombinant
CDK1/cyclin B (Figure 4F). Therefore, RCC1 is phos-
phorylated at serine 11 and possibly also serine 2 by
the major cyclin-dependent kinase in metaphase cells,
CDK1/cyclin B.
GFP-RCC1-fusion proteins, in which all four serine
residues in the NTR were mutated to alanines or gluta-
detected by autoradiography. The position of markers is indicated
on the left (kDa).
(B) Comparison of N-terminal regions of RCC1 from vertebrate spe-
cies. Serine residues in human RCC1 are numbered.
(C) Interaction of RCC1 and importin  in cell extracts. Glutathione-
Sepharose beads bound with glutathione S-transferase (GST), full-
length GST-importin  (WT), or GST-importin 45-876 (45–876) were
used to precipitate proteins from extracts of mitotic (M) or asynchro-
nous (A) HeLa cells. Precipitated endogenous RCC1 was detected
by immunoblotting (upper panel). Recovery of GST-importins and
GST was revealed by immunoblotting with an antibody to GST (lower
panel).
(D) Interaction of RCC1 with importin 3 in cell extracts. H6-GFP-
RCC1 proteins, either wild-type (WT), with serines 2, 11, 20, and 26
mutated to alanines (AAAA), serines 2 and 11 mutated to glutamates
Figure 3. Phosphorylation of RCC1 in Mitotic Cell Extracts Disrupts (EESS), or lacking the first 27 amino acids (27) were precipitated
Binding to Importin 3/ with GST-RanT24N from HeLa mitotic (M) or asynchronous (A) cell
extracts. Coprecipitating exogenous H6-importin 3 (upper panel)(A) Phosphorylation of GFP-RCC1, RCC1-H6, or 27-RCC1-H6 in
HeLa asynchronous cell extracts (HAE) or mitotic cell extracts and H6-GFP-RCC1 (lower panel) were detected by an antibody
against the histidine tag.(HME). Samples were separated by SDS-PAGE and 32P phosphate
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Figure 4. Phosphorylation of Serine 11 of
RCC1 in Mitosis by CDK1/Cyclin B
(A) Specificity of purified antibody directed
against phosphorylated serine 11 (pS11). The
following were spotted onto nitrocellulose:
0.2 nmol GFP-RCC1 protein, 0.2 nmol pS11
phosphopeptide, or buffer. The nitrocellulose
was blocked and then probed with purified
-pS11 antibody.
(B) Phosphorylation of serine 11 in endoge-
nous RCC1 in asynchronous (A) and mitotic
(M) HeLa cells. In each case, 30 g of cell
extract was immunoblotted with -pS11 or
-RCC1 antibodies.
(C) Phosphorylation of serine 11 in GFP-
RCC1 incubated in HeLa asynchronous (HAE)
or mitotic (HME) cell extract. GFP-RCC1S11A
was used as a control.
(D) Serine 11 phosphorylation in recombinant
GFP-RCC1 added to HeLa mitotic extract is
inhibited by staurosporine (staur) or roscovi-
tine (rosc). Endogenous RCC1 is already
highly phosphorylated at serine 11 in mitotic
cells and is not phosphorylated further
in vitro. Therefore, its phosphorylation state
is not affected by the kinase inhibitors.
(E) Phosphorylation of serine 11 in GFP-RCC1
by p13suc1-Sepharose precipitates but not
control Sepharose precipitates.
(F) Phosphorylation of serine 11 in RCC1-H6
by recombinant purified CDK1/cyclin B.
mates (GFP-RCC1AAAA and GFP-RCC1EEEE, respectively), RCC1 destabilizes its interaction with chromatin during
metaphase.were localized, like wild-type GFP-RCC1, to the nucleus
of interphase cells and predominantly to the chromo- Our results suggest a model for control of the dynamic
interaction of RCC1 with chromatin by phosphorylationsomes of mitotic cells (Figure 5A). FRAP analysis (Figure
5B) showed that the mutants were also highly mobile during metaphase (Figure 6). The mobility of RCC1 is
determined by its affinity for importin / in a highlyduring interphase; this is probably because the high
concentration of Ran-GTP in the nucleoplasm destabi- mobile, soluble pool, as well as by its affinity for chromo-
somes and its interaction with Ran. Phosphorylation oflizes the interaction of importins with their cargos. How-
ever, in metaphase, the FRAP rate of GFP-RCC1AAAA on RCC1 by chromosome-associated protein kinase activ-
ity displaces importin / from the NTR and permitschromosomes was markedly reduced (increased t1/2),
whereas GFP-RCC1EEEE was as dynamic as the wild-type interaction of RCC1 with chromosomes, in part through
its seven-bladed propeller core [13, 14], but perhapsprotein, which is likely to be highly phosphorylated at
this stage of mitosis. Thus, phosphorylation of RCC1 is also through the NTR, which may form contacts with
DNA [15] or protein components of chromatin. Phos-required to maintain its high mobility on chromosomes
during metaphase. At telophase, both GFP-RCC1AAAA phorylation of the NTR may also stimulate guanine-
nucleotide exchange activity of RCC1. We speculateand GFP-RCC1EEEE became less mobile, similar to wild-
type GFP-RCC1. This indicates that although dephos- that this could be achieved by increasing the rate of
formation of a transient nucleotide-free complex be-phorylation of RCC1 may play a role in this change,
other mechanisms predominate. tween Ran and RCC1 on chromatin [4], followed by
destabilization of the interaction of RCC1 with chromatinWhen a spot was bleached repeatedly and total chro-
mosomal fluorescence was measured (fluorescence once Ran has been loaded with GTP and released. (In
the case of the D182A mutant, RCC1 would be releasedloss in photobleaching, FLIP), GFP-RCC1EEEE was
bleached more rapidly than the wild-type protein in rapidly from chromatin without interacting with Ran.)
Thus, phosphorylation would couple the dynamic inter-metaphase (Figure 5C), and this is consistent with this
mutant being highly mobile on chromosomes. GFP- action between RCC1 and chromatin to guanine nucleo-
tide exchange activity toward Ran. Once RCC1 is re-RCC1AAAA showed a biphasic response in FLIP, initially
being bleached even more rapidly than GFP-RCC1EEEE leased into the cytosol, dephosphorylation of the NTR
would permit rebinding of importin /. In this way, thewhile the second phase of signal loss was slower than
that of the wild-type. This result suggests that a highly mobility of RCC1 between chromosomes and cytosol
during metaphase may be coupled to a cycle of phos-mobile, soluble pool of GFP-RCC1 bound to importin
/ is increased with the AAAA mutant, but the interac- phorylation and dephosphorylation of the NTR.
Phosphorylation of RCC1 by CDK1/cyclin B repre-tion of GFP-RCC1AAAA with chromatin is more stable than
GFP-RCC1, as is evident from its decreased FRAP rate. sents the first example of the release by phosphorylation
of a nuclear protein from a potentially inhibitory complexTogether, these results indicate that phosphorylation of
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Figure 5. Phosphorylation Alters the Mobility
of RCC1 during Mitosis
(A) Localization of GFP-RCC1AAAA and GFP-
RCC1EEEE in live U2OS cells. FRAP analysis
(t1/2) values are shown below for chromatin-
associated GFP fusions at each cell-cycle
stage. The scale bar represents 10 m.
(B) Comparison of FRAP analysis of GFP-
RCC1 (WT), GFP-RCC1AAAA, and GFP-
RCC1EEEE.
(C) Fluorescence loss in photobleaching
(FLIP). Quantification of intensities of chro-
mosomal fluorescence in interphase and
metaphase for GFP-RCC1 (WT), GFP-
RCC1AAAA, and GFP-RCC1EEEE.
with importins during mitosis. This mechanism may be bility to mitotic progression. Evidence from Xenopus egg
extracts has indicated that changes in the association ofparticularly important during open mitosis when the nu-
clear envelope breaks down and RCC1 is exposed to RCC1 with chromosomes during mitosis may be linked
to control of a kinetochore attachment checkpoint [16].high concentrations of cytoplasmic importins while the
concentration of Ran-GTP is reduced due to its dispersal Toward the end of mitosis, the reduction that we have
observed in overall mobility of RCC1 may play a rolethroughout the cell. If RCC1 activity were not maintained
by the additional mechanism of phosphorylation, Ran- in switching its function from directing mitotic spindle
assembly to formation of the nuclear envelope and theGTP production could collapse catastrophically. Fur-
thermore, it may be advantageous to couple RCC1 mo- restarting of nuclear transport [6, 17, 18].
Figure 6. Model for the Dynamic Interaction
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